Abstract-MPEG-2 to H.264/AVC transcoding is an important module for video recoding in digital TV applications. For pixel domain transcoding, MPEG-2 bitstream is decoded and then reencoded by H.264 encoder. Since the behavior of the decoded video is different from the original video, in this paper, the performance of each coding mode is analyzed to select the effective coding tools. It is shown from the analysis that transcoding with motion estimation with only one reference frame and 16x16 block size and deblocking filter can achieve almost the same video quality with only 19% of the computation. The analysis result could be an important reference for the implementation of MPEG-2 to H.264 transcoder.
I. INTRODUCTION
One of the most important applications of MPEG-2 video coding standard [1] is digital TV (DTV) broadcasting. When using the recording function of a set-up box, the restriction of hard disk capacity is a big problem. The newly established video coding standard, H.264/MPEG-4 AVC [2] , can achieve much higher coding efficiency than MPEG-2 does. Converting the MPEG-2 videos to the H.264 videos can achieve almost the same quality while requiring only half bitrate. That is why transcoding becomes a hot research topic.
The differences of coding tools between MPEG-2 and H.264 are shown in Table I . For motion estimation (ME) tools, H.264 provides much more coding modes than MPEG-2 does. MPEG-2 can only support fixed block size (16x16) while H.264 can support variable block size ME (VBS-ME), where block sizes of 16x16, 16x8, 8x16, 8x8, 8x4, 4x8, and 4x4 can be used. MPEG-2 can support at most two reference frames for ME (B-frame) while H.264 can support at most five reference frames, which is called multiple reference frame ME (MRF-ME); MPEG-2 can support ME accuracy to half-pel while H.264 can support quarter-pel ME. The variety of ME modes of H.264 also leads to large increase of computational complexity. H.264 also provides the coding tools for rate-distortion-optimization (RDO) to find out the optimal coding modes. The in-loop deblocking filter (DF), in addition, can enhance the visual quality. Other new coding tools, such as intra-prediction, quantization tools, and entropy coding tools with CAVLC and CABAC, are also employed in H.264 to further increase the coding efficiency. But the computational complexity dramatically increases with these coding tools. Thus it is necessary to find computationally efficient approaches for transcoding. [3] . Although coding mode analysis for the H.264 encoder can be found in literatures. There are two reasons for which the complete coding mode analysis is still required for MPEG-2 to H.264 transcoding. The first reason is the fundamental difference between MPEG-2 and H.264. The transform methods are different, and the coefficient mapping is also a problem because of the exponential quantizer of H.264. The second reason is that since the input videos of the transcoder have been compressed by MPEG-2, the behavior is quite different from uncompressed video sequences. Some useful coding tools may be no more effective in transcoding.
Consequently, in this paper, the performance of different coding tools of H.264 in MPEG-2 to H.264 transcoding is analyzed. Based on the analysis, the effective coding tools can be selected. which is a good reference for the implementation of MPEG-2 to H.264 transcoder.
The organization of this paper is shown below. The transcoding algorithm is first described in Sec. II. Next, in Sec. III, the experiment environment will be introduced, and then the simulation results will be shown. Finally, a short conclusion is given in Sec. V.
II. TRANSCODING ALGORITHMS
Video transcoding is to convert a video from one format into another format [4] . A format is defined by many characteristics, such as the bit rate, frame rate, spatial resolution, coding syntax, and content. The transcoding algorithms can be classified into two categories: frequency domain (transform domain) transcoding and pixel domain transcoding [5] .
A. Transform Domain Transcoding
In transform domain transcoding, an input bitstream is transcoded in DCT domain without fully decoded to video frames. It is generally used in homogeneous transcoding [5] because of the identical DCT/IDCT process. Transform domain transcoding theoretically reduces the computation because most transform operations of encoder are skipped [6] . The drawback of this scheme is the error drift problem [7] .
B. Pixel Domain Transcoding
Pixel domain transcoding is to transcode a compressed video by fully decoding the bitstream to video frames in pixel domain. This scheme is flexible since the decoding loop and the encoding loop can be totally independent of each other. In pixel domain transcoding, the abundant useful information in the input bitstream, such as MVs or QP parameters, can help reducing computation, and the related researches can be found in [8] [9] .
C. MPEG-2 to H.264 Transcoding
In H.264, both the intra prediction and the in-loop deblocking filter are operations in pixel domain. Furthermore, most of the core functions in a macroblock (MB) processing unit cannot be replaced easily. Therefore, the mainstream of MPEG-2 to H.264 transcoding is pixel domain transcoding.
III. EXPERIMENT ENVIRONMENT SETUP
The experiments are designed to analyze the transcoding performance of different coding tools of an H.264 encoder. Each major coding tool is turned on or off and the ratedistortion (RD) curves are plotted for different test sequences. The TM5 and JM10 codec available on the web are used as standard MPEG-2 and H.264 codec. The simulation platform is a PC with Intel Pentium4 3GHz CPU and 1GB RAM, and the runtime of the encoder is used to evaluate the computational complexity. 
A. Test Sequences

B. Transcoding Analysis
The flowchart of the experiments is shown in Fig. 1 
C. Reference Transcoder
The reference (or optimal) transcoder is a pixel domain cascaded transcoder, where the TM5 MPEG-2 decoder is cascaded by a JM10 H.264 baseline encoder with all coding tools. It is denoted as (a) "Ref. Frames = 5" in Table II . In MPEG-2 to H.264 transcoding, the quality upper limit of output sequences, I H264 , are bounded by the input sequences, I MP EG2 . The RD curve of the reference transcoder is also the theoretical upper limit of a transcoder. The target is to find Table II effective coding tool set that can perform well as the reference transcoder with lowest computation requirement. Note that the search range is set to ±32, ±64, and ±128 for CIF, D1(480p), HD720p videos, respectively.
IV. EXPERIMENTAL RESULTS AND DISCUSSIONS
The complexity reduction of each configuration can be evaluated by the CPU time data shown in Table. III, where the CPU time of transcoding D1 size sequence Toshiba is demonstrated. It shows that MRF-ME takes most computation of transcoding, the VBS-ME is also costly, the RDO operations also introduce large computation overhead, and the DF has only small overhead.
The RD curves for different MRF-ME configurations (a)(b) are shown in Fig. 2 . In these charts, the RD curve for the MPEG-2 encoder is also shown as a reference data, and the "transcoding input" denotes the RD data of the selected input bitstream for the transcoder. It is shown that when the MPEG-2 videos are decoded and re-encoded by H.264, the performance with different number of reference frames are almost the same for all sequences except for sequence Mobile. It implies that MRF-ME is not effective for this kind of input sequences, and only one reference frame is enough. The reason may be that the correlation between inter frames has already weakened by the MPEG-2 encoding process. Note that, because of the space limitation, only two RD curves are shown. As for the computational complexity, in JM10.1, the computation of MRF-ME is proportional to the number of reference frames. As shown in Table III , When one reference frame is considered instead, the quality is almost same, and 60% computation is reduced.
The RD curves for different VBS-ME settings (c)(d)(e) for different sequences are shown in Fig. 3 . It shows that VBS-ME is important while coding a small size video or video sequences that have complicated motion like Preakness, but while the larger frame sizes, such as D1 and 720p, are considered in DTV applications, the RD curves are almost the same no matter the VBS-ME is employed or not, where the difference in PSNR is kept within 0.2dB. Therefore, the block size of 16x16 is enough for DTV applications. Note Table II that, the RD curves of the other five sequences are similar to Fig. 2(c) . On the other hand, as shown in Table III , about 20% computation can be saved if VBS-ME is turned off, when one reference frame is used. The RD curves of different RDO and DF configurations (c)(f)(g)(h) for different sequences are shown in Fig. 4 . It shows that the RDO can always improve the video quality by only 0.1 to 0.2dB despite of the frame size, motion, and texture. When RDO is turned off, the bit rate will slightly increased with the same PSNR. As shown in Table III , the RDO operations cost 50% of CPU time when with one reference frame but only provide a little improvement. On the other hand, the deblocking filter (DF) has outstanding performance. For most test sequences, DF can improve the video quality by about 0.3 to 0.4dB with the same QP. It also shows in Table  III that DF operations only introduce slightly computation overhead. Consequently, DF is an effective coding tool and should be always turned on. Some of the tools in H.264 are critical in transcoding, such as fractional motion estimation. The simulation result is shown in Fig. 5 together with I4 mode. While FME turned off, the RD-Curve drops about 0.5 to 1.5 dB. which is an unacceptable result for our application. Furthermore The RD-curve drops about 0.2dB when I4 mode off for HD720p. The impact of I4 mode depends on the frame size. Note that, similar results can also be found for the other sequences. Table II From the experimental results for different coding mode configurations for MPEG-2 to H.264 transcoding shown above, several interesting facts can be found. The behavior of the compressed video sequences are quite different from original video sequences, which will change the selection of effective coding modes. First of all, MRF-ME may be useful in H.264 encoder but not the MPEG-2 to H.264 transcoder. Next, when transcoding HD720p sequences, the VBS-ME tools can only slightly improve the RD curve but require heavy computation. Third, the DF tool in H.264 can enhance the video quality with only small computation overhead even though the sequences were compressed before. Finally, RDO Table II tool can only contribute a little improvement at bitrate with large overhead in computation. In summary, in transcoding HD720p MPEG-2 sequences to H.264 for DTV applications, the appropriate coding tool set is with one reference frame, 16x16 block size, DF, and RDO turned off. This configuration requires less than 20% CPU time compared to the reference transcoder, and can provide almost the same visual quality. Other research topics about the search range reduction and MV information reuse from MPEG-2 bitstream can further reduce the computation. That means the cost of a MPEG-2 to H.264 pixel domain transcoder should be much lower than a standard H.264 encoder in both software and hardware, which is a topic that worthy to study and will be our future work.
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